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CHOICE OF ROTOR DIAMETER AND PERFORMANCE 
OF POLYPHASE INDUCTION MOTORS 

BY T H E O D O R E HOOCK 

The theoretical part of polyphase induction motor design has 
been treated thoroughly, analytically and graphically,* and there 
is very little left for further investigation. In consideration of 
the great importance of this type of motor very little has been 
said about the leading points in the practical design. 

In laying out a new line of induction motors it is desirable to 
have a rational method for determining the influence of the rotor 
diameter upon the performance rather than using the longer 
procedure of designing a number of motors under different as
sumptions and comparing the final results. 

The performance is so rigidly interlinked with the mechanical 
dimensions and the windings that a theoretical design can easily 
be made which will show clearly the influence of the chosen 
constants upon the motor characteristic. 

The derived formulae in this paper are not intended to super
sede the detailed design but they should be used for the first 
layout. 

On the other hand the designer will find the results of the cal
culations very convenient for comparison and assistance in 
choosing the proper frame for certain guarantees to be met. 

It is undoubtedly of great use in the further development to 
analyze the design on a practical basis in order to find the 
limitations and the influence of the variables. 

It is fully demonstrated by tests that the D2 li of standard 
speed motors is not limited by the temperature rise but by the 

*By Adams, Arnold, Steinmetz, Behrend, McAllister, Hellmund, de la 
Tour and others. 

NOTE:—This paper is to be presented at the 28th Annual Convention 
of the A. I. E. E., Chicago, June 26-30, 1911. Notice of oral discussion 
or any written discussion should be mailed to reach the Secretary before 
the date of the meeting. Written discussion received within 30 days 
thereafter will be treated as if presented at the meeting 
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908 HOOCK: INDUCTION MOTORS [June 27 

performance and flux density. It is also a sad fact that until the 
present time these limits could be found only by test and that we 
have to confine the investigations to the power factor, overload 
capacity, copper and iron losses. 

Instead of dealing with the rotor diameter we express all 
results in terms of the pole-face proportions, i.e., the effective 
core length divided by the pole pitch. 

We will see later from (Figs. 6 to 10) that the power factor and 
the copper losses depend largely upon properly proportioning 
the pole face. There exists always one " best " proportion 
for the power factor and another " best " proportion for the 
minimum copper losses. Both conditions do not occur at the 

FIÜ. 1 

same ratio of core length to pole pitch. Also the deviations from 
the minimum or maximum values obtainable vary considerably 
with the design ; for instance with the slot dimensions, number of 
poles, type of winding and so on. It is, therefore, advisable to 
put all these deviations on a percentage basis, because it gives 
us a convenient method of comparison. 

These investigations can be divided under the following head
ings: 

1. Leakage coefficient. 
2. Copper losses. 
3. Overload capacity. 
4. Iron losses. 
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T H E LEAKAGE COEFFICIENT 

The circle diagram as drawn in Fig. 1, illustrates in the 
simplest way the relation between the current taken from the 
line and the power factor for any given load. 

Two tests, the no-load test and the locked test, are required in 
order to draw the diagram. The no-load test determines the 
no-load current and the no-load power factor while running 
light at normal voltage. The current and power factor at 
standstill will be found from the locked test. These four quan
tities Io, cos <po, Ik, cos (Pk determine two points of the primary 
current circle. The center of the circle lies at a distance a above 
the base line, which can be found by test, calculation or with the 
aid of a simple geometrical construction. 

il L_LJ I I I I I I L_LJ I I 
0 2 4 6 8 10 12 14 16 18 20 22 24 

6% 

FlG.^2 

The tangent to the circle gives the smallest phase displace
ment <pmin and the largest power factor cos <pmax (cos ^m a x 
= 73 per cent in Fig. 1). 

The maximum power factor is determined by the circle diam
eter (Iki — hwi) and the distance from the origin to the circle, 
i.e., the wattless magnetizing current 7ÜW/. We can also see 
from Fig. 1 that a shifting of the center up or down from the base 
line will influence the maximum power factor somewhat (3 to 
5 per cent). See curves A, B and C in Fig. 2. 

The smallest current which will be taken from the line is the 
no load current 7o- In loading the motor the current will in
crease to the full load current IFL. When we load the motor 
still more we reach /(cos^ma*) and finally, it will pull out and 
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come to standstill. In case the normal voltage is still applied, 
the locked current Ik will flow in the winding. 

In case we could decrease the ohmic resistances of the motor 
the point Ik would move along the circle, i.e., the locked current 
would increase. For the extreme case having resistances equal 
to zero the ideal locked current Iki would be taken from the line. 
This reactive current Iki is determined by the leakage coefficient 
and the wattless magnetizing current. It is 

Iki= hJl (1) 

Where ó is the leakage coefficient or the ratio of the wattless 
component of the no-load current to the ideal locked current; 
or rewritten, 

ó = h
T

wl (2) 
Iki 

The main advantage of using this coefficient is the inde
pendence from voltage and magnetizing current. As soon as 
the punchings, the core length and the number of poles are 
settled the leakage coefficient is almost fixed (disregarding the 
iron saturation and fractional pitch windings). Furthermore 
all the characteristics of the motor are improved by decreasing 
the leakage ocefficient. 

It is not necessary to draw the circle diagram in each case 
in order to find the leakage coefficient, as it can be figured 
easily from the no-load and locked test data. 

The total reactance of a motor at short circuit is 

and the leakage coefficient 

Iowi ^o sm ^o Iowi ,A\ 
ó - ρι „__...__.-.,_ hi (4) 

The Maximum Power Factor. It has been brought out above 
that the magnetizing current I0wi and the leakage coefficient 
determine the maximum power factor. Under the assumption 
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that the center of the circle lies on the base line the maximum 
power factor is 

cos ffmas== 0 o r ( j = | ( 1) (5) 
1 + 2 ó \cos<pma* / 

These equations were figured for different values of ó and are 
plotted in Fig. 2, curve A. 

Curves B and C in Fig. 2 are added to show the effect of the 
center displacement upon cos <pmax. Both curves are taken 
from actual tests and will be found very useful for approxima
tions. 

The following details may be kept in mind: 
Use curve A plus \ to f per cent for large motors. 
Use curve B for small and medium size motors and cos φ^ 

= 0.3 to 0.6. 
Use curve C for small and medium size motors and cos φ^ 

>0.75. 
If the tested power factor is plotted in a curve we can find 

readily from its maximum value the size of the leakage coefficient 
using these curves (Fig. 2). If the no-load current is known, 
we are in a position to compute also with equation (4) the 
reactance of the motor without knowing the data of the locked 
tests. 

Another quantity which is convenient for comparison of the 
overload capacity is the current at which the maximum power 
factor occurs. It is 

I (cos Φ max) = I Owl -\j ~T (6) 

We can now investigate the relations between the leakage 
coefficient, the rotor diameter and the core length. All practical 
considerations, as peripheral speed, temperature rise, flywheel 
effect and so on, will be eliminated in our investigations entirely. 
It is perfectly feasible to build two motors for the same purpose, 
one with a large diameter and narrow core and the other with a 
small diameter and long core. The same D2 U is assumed in 
both cases. The rotor diameter is proportional to the pole 
pitch for a given number of poles and therefore we have all 
results in relation to the ratio, core length U to pole pitch r . 
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The pole face of a motor is the product UT. The square pole 

face will have then the ratio — equal to 1. 

The leakage coefficient ó can be figured with great accuracy 
from the dimension of the motor.* 

It is, 

ampere turns circuit _ ~ ^ _ /fTN σ — — - ;—— Σ σ = saturation factor Ó ó (7) ampere turns air gap 

The sum of the leakage coefficients Σ σ consists of the follow
ing coefficients 

óË| = Stator slot leakage coefficient. 
ó«2 = Rotor slot leakage coefficient. 
<rSl= Stator end connection leakage coefficient. 
óÀ2 = Rotor end connection leakage coefficient. 
σζ = Zigzag leakage coefficient. 
ó&, = Stator belt leakage coefficient. 
ab2 = Rotor belt leakage coefficient. 

or Ó ó = σηχ+óË2+σ8χ+σ$2+σζ + abl+σ02 (8) 

We combine the corresponding leakage of the stator and rotor 
and placing 

α = δ ki cn (ληι ti+Xniti) 

C =:CQ CK t\ ti 

we obtain for the leakage coefficient 

(9) 

σ = saturation factor ( —^—\——h (Tb ) 

= saturation factor ß— - 2 —hô ho'b) 

(10) 

»See R. E. Hellmund. Elektrotechnische Zeitschrift, 1911, p. 1111. 
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In order to determine the minimum value of the leakage 
coefficient Σ σ we neglect the belt leakage as being a small 
amount and almost independent of the pole face proportion. 
We take the first derivative of Σ σ with respect to· β and place 
equal to zero. 

dί õ 

We find that the minimum value for Σ σ occurs when 

a+c b b 
r2 β.τ li (H) 

This equations indicates that the leakage coefficient will become 
a minimum when the total slot plus zigzag leakage is equal to the 
total end connection leakage. 

The quantities a, b and c are determined by the air gap, slot 
dimensions and the number of poles. We can also from the 

quotient of —τ— find the pole pitch for which the leakage 

coefficient Σ σ will become a minimum, i.e., when 

ί*^ψ- (12) 

This relation can be used directly for the layout of the diam
eter and core length for a certain D2 U or for a comparison of 
machines in order to determine the most advantageous frame. 
We will carry out these calculations on a large motor. We 
assume a D2 li equal to 300,000, and split the product in dif
ferent values D and /», varying from 140 to 70 in. (3.58 to 1.79 m.) 
diameter and 15.3 to 61 in. (0.38 to 1.55 m.) length of core, 

which gives a variation of the pole face proportion â = — = 0.417 
T 

to 3.33 (see Table 1). 
The fifth column shows the ratio τ/β (88 to 5.5). The 

values of a, b and c are 5.25, 0.556, 1.135 which are written on the 

curves in Fig. 3. The ratios —=— and -5— and the sum Σ σ 0 r2 p . r 
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are plotted also in Fig. 3. The minimum value occurs at 

_L_ a+c _ 5 . 2 5 + 1.135 
0.556 = 11.5 (upper curve in Fig. 3) giving a 

U ratio j3 = — = 1.95. r 

When we add to curve a-2
c +-=— the belt leakage, the 

total Σ σ will be found. These figures are worked out for 
12, 16 and 32 poles on six different diameters (see Table 1). 
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FIG. 3 

The results are plotted in Fig. 4, a b c against the ratio of core 
length to pole pitch. We find that the minimum value for the 
different number of poles does not occur at the same ratio U/r. 

The minimum values for the 12, 16 and 32 poles lie at — = 1.7, 
T 

1.55, 1.3 respectively. 
We can see from these curves that a design with a large diam

eter and small core length as well as with a small diameter and a 
corresponding extreme core length have a tendency to increase 
the leakage coefficient. 
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The curves of Σ σ have no sharp knee and the deviation from 
the minimum values are small over a large range of U/r. 

In order to bring all curves upon a uniform basis the per
centage of increase above the minimum values is plotted in 
Fig. 4, d, e and / . The smallest value of Σ σ for 12 poles is 

= 2.825 per cent at — = 1.7, curve a. At — = 0.417 we find 

Σ ó = 4.26 per cent. This means an increase of 51 per cent, 
curve df which is due to the large influence of the end-connection 
leakage, its coefficient being eight times as large as that of the 
slot leakage. The curve e of the 16-pole machine shows the 
same characteristic, but not quite so distinctly. The end-con
nections in the 32-pole design are only of moderate influence while 

TABLE I 
D2li =300,000—12 poles 

I) 

140 

120 

110 

! 100 

90 

80 

70 

H 

15.3 

20.9 

24.8 

30 

37 

47 

61 

/ 

36.7 

31.4 

28.7 

26.2 

23.5 

20.9 

18.3 

Ratio 

T 

0.417 

0.665 

0.865 

1.15 

1.58 

2.25 

3.33 

Ratio 

T 

1 

88 

47.1 

33.2 

22.8 

14.9 

9.3 

5.5 

the slot and zigzag leakage in the long motor with a small 
pole pitch are the largest items. It is certainly of interest to 
follow these figures to the final result which may be considered 
to be the maximum power factor (cos ^ m a i ) . The full load power 
factor is then only determined by the overload capacity or 
the ratio of the wattless magnetizing current I0wi to the full 
load current IFL. Therefore, we multiply the figured leakage 
coefficient Σ σ by the saturation factor = 1.15 assuming 15 per 
cent of the air A T for magnetizing the iron path in all three 
designs. From curve A (Fig. 1) or from equation (5) can then 
be found the maximum power factor. The results are plotted 
in Fig. 21. 

The maximum values of the cos <pmax correspond with the 
minimum values of Σ σ and occur at the same ratios U/τ as 
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the leakage coefficients Σ σ in Fig. 4, a, b and c. It is surprising 
that for 12 poles (Ó ó = 2.825X1.15 = 3.25 per cent), the cos <pmax 
= 93.7 per cent, is only 3 per cent larger than cos >̂max = 91 per 
cent for the 51 per cent larger leakage coefficient. (ó = 4.26 
X 1.15 = 4.9 per cent at /</ô = 0.415.) 

We can figure from curve B> Fig. 1, the deviation Ä ó per cent 
for 1 per cent change in cos <pmax and find curve D. This result 
shows that with a leakage coefficient of 3.25 per cent or cos <pmax 
= 94 per cent, 19 per cent deviation is permissible, for which 
amount the cos <pmax will go down to 93 per cent. In our case 
with 51 per cent deviation the cos ^>mttx = 93.7 per cent is de-

FIG. 4 FIG. 5 

creased — 100 per cent = 2.7 per cent and we actually find 
iy 

91 per cent against 93.7 per cent (Fig. 21). 
The " best " pole face of the 32-pole machine gives a cos <pmaz 

= 84.3 per cent (ó = 9.25 per cent) for which the permissible 
allowance is only 8 | per cent for each per cent power factor. 

It was found for the longest motor — = 3.06 (ó = 9.3 per cent) a 

deviation of 16 per cent. The power factor cos <pmax will be de-
1 ft 

creased in this design -=-=- 100 per cent = 1.9 per cent or it 
o.O 

will be 84.3-1.9 = 82.4 per cent. 
This influence is greater the larger the leakage coefficient is, 
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or in other words, machines with a low power factor or with a 
large leakage coefficient will be more sensitive than those with 
small leakage and high power factor. It is, therefore important 
to choose the pole face (U . ô) of motors with large number of 
poles as close to the best values as possible since every variation 
of 5 to 7 per cent in the leakage coefficient decreases the maximum 
power factor one per cent and increases the full load stator current 
in the same percentage as the power factor is decreased. 

The determination of the pole face by the formula (12) is 
very simple as long as the air-gap δ is kept constant. This· 
condition will not exist however in most practical cases. It is 
general practice to vary the air-gap proportionally with the rotor 
diameter, Fig. 5, except that very long cores for high speed will 
have also a bearing upon the air-gap. We will consider here 
only the standard speed machines for which these investigations 
are made especially. Not only the air-gap brings a complication 

in the analytical solution of the 

problem but also the member 
r.fp2 

in quantity ò, because the length of 
the end connections are (const. X pole 
pitch plus 2 to 10 in.) according to size, 
voltage and type of winding. This 
constant addition introduces an error 
which may lead to incorrect results. 

The smallest leakage coefficient does not occur always be-

FIG. 6 

to 1.7, as it was obtained for D2 U U tween the ratio —=1.2 
r 

= 300 . 103 but its location depends upon the size of the pole 
face, the type of windings, length of the air-gap and slot pitches. 
The writer has worked out a few interesting cases which will 
give an idea of the range of variation. 

In Figs. 6 to 10 the leakage coefficients Ó ó for a D2 U = 2000 
are drawn for various number of poles. The diamond coils of 
the stator are placed into open slots and slightly chorded. 
The rotor has partially closed slots and a special squirrel-cage 
winding with a slot pitch of only 0.34 in. (8.6 mm.). The 
D2 li is split up again as shown before in table 1. The air gap ä 
is varied according to Fig. 5. The slot dimensions of stator and 
rotor are given in Fig. 5. Since the slot openings are kept con
stant and the air-gap varies, the gap factor k\ varies inversely 
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as the rotor diameter, but the effective air gap δ . ki increases 
with the rotor diameter. 

The leakage coefficients Σ σ are figured for all diameters and 
number of poles using formula (8) in order to show the rela
tive magnitude of each kind of leakage. 

The upper curves in Figs. 6 to 9 give always the sum Σ σ per 
cent and all sums are combined in Fig. 10, a to e. 

The minimum values of Σ σ occur for the 6- 8- 10- 12- and 

14-pole designs at a ratio — = 1.15, 1.40, 1.38, 1.40, 1.30 and 

1.20 respectively. 
In Fig. 11 the deviations of Σ σ from the minimum are drawn, 

FIG. 7 FIG. 8 

which have the same character of those of Fig. 4, d, e, / . 
The curves are somewhat further extended than we would 

find in actual machines. It is possible, however, that certain 
conditions, 2- or 4-pole, or 14- to 20-pole designs on standard 

frames would give — = 0.45 to 0.5 or 2.5 to 3.5. 

From these curves, Fig. 11, we can judge again in combina
tion with the actual leakage coefficient ó = saturation factor 
ΧΣ σ how much the power factor will be decreased by making 
the pole face proportions different from those which will give the 
minimum values. 
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It was previously mentioned that the size of the motor, the 
slot pitches and the type of windings influence the design as 
to its most economical proportions. 

Table 2 gives a layout for a Z>2/i = 289 —6 poles. 
The stator is in all three designs the same, chorded diamond 

coils in open slots. The rotor A represents a construction with 

TABLE II 
D2li =289—6 poles 

Design 

Stator slot dimension 

u u pitch T ; 

Length of end connections 

air gap # ; 

gap factor k\ 

Rotor slot dimension 
a u constant Χγι 
u u pitch ô 

Length of end connections 

Copper section , -

A B 

Fig. 12 Fig. 13 

2.20 2.20 

0.526 0.526 

l s =1 .3T+3 .5 in 

0.0190 to 0.0276 

1.50 to 1.58 1.76 to 1.87 

Fig. 12 Fig. 13 

1.0 | 2.4 

0.642 in. 1 0.156 in. 

1 S = T + 3 in. 

fxf ß Ax* 
1 

C 

Fig. 14 

2.20 

0.526 

. 
in. 

1.50 to 1.58 

Fig. 14 

2.13 

0.241 in. 

M 

Rotor diameter 

D 

11 in. 

10 

9 

8 

7 

6 

5 | 

Core length 

H 

2.38 in. 

2.89 

3.56 

4.52 

5.9 

8.05 

9.6 

Pole pitch 

ô 

5.76 in. 

5.23 

4.71 

4.18 

3.66 

3.14 

2.88 

Ratio 

r 

0.412 

0.55 

0.755 

1.08 

1.61 

2.56 

3.33 

bolted bars and rings with a secondary slot pitch of 0.642 in. 
(16.2 mm.) for a bar fxf in. (9.5x9.5 mm.). In B a rotor is 
used with very narrow open slots with a slot pitch of 0.156 in. 
(3.97 mm.) for a special rotor winding with ^ by \ in. (1.5 by 
12.7 mm.) copper section. Design C has partially closed slots 
with a slot pitch of 0.241 in. (6.3 mm.) and a copper section 
of £ by i in. (3.17 by 12.7 mm.). 
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We bear in mind that the mechanical air gap ä is the same in 
all three cases A, B and C for the same ratio U/τ and compare 
at first the leakage coefficients Ó ó. The minimum values of 
Ó ó are as follows: 

Σσ 

!At-Ö 
ô 

A 

6.95% 

0.550 

B 

5.85% 

0.75 

C 

5.7% 

0.80 

We see that a smaller motor calls for a considerably smaller 
ratio li/τ than the larger sizes figured. 

Designs B and C show very clearly the good influence of the 
large number of rotor slots which decreases Σ σ 20 per cent or 
increases the maximum power factor 2 per cent. 

¸ 
Σ 
Z 

Σ 
O 
oc 
u. 

g 20 
< 
> 
S 0 I _ 

o J 2 :* 4 J_^ 

F I G . 11 

Design 5 with the open rotor slots is almost as good as C 
with partially closed slots, as far as the maximum power factor 
is concerned. The air-gap is rather small in this small motor 
being 0.02 to 0.0275 in. (0.5 to 0.69 mm.) on one side so that 
the gap factor k\ increases the magnetizing current and affects 
the full load power factor. This leads to the conclusion that a 
motor with open rotor slots of this small size could not compete 
with one having partially closed slots. 

The percentage increase of the leakage coefficient Σ σ per 
cent above the minimum values is plotted in Fig. 15. The slot 
and zigzag leakage are the largest items in design A which over
balance the end connection leakage considerably and reach a 
very high percentage in Fig. 15. All three curves have a sharp 
turn. 
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We see further that a motor can be made longer (large / t / r ) 
the smaller the slot and zigzag leakage can be kept in comparison 
to the end connection leakage. 

TABLE III 
D2 li =24.5—2 Poles— two-phase 

! Rotor diameter 
D 

4.52 

4.22 

3.92 

3.625 

! 3.32 

3.02 

1 2.72 

Core length 

k 

1,20 

1.48 

1.59 

1.87 

2.22 

2.69 

3.30 

Pole pitch 

T 

7.1 

6.62 

6.15 

5.68 

5.20 

4.74 

4.27 

Ratio 

T 

C.169 

0.224 

0.259 

0.333 

0.427 

0.569 

0.773 

Ratio 
τ 
1 

42.0 

29.6 j 

23.7 I 

17.05 

12.16 1 

8.32 | 

5.52 

In Table 3 and Fig. 16 the dimensions, constants and the 
complete leakage data of a very small motor are given. When 
using formula 12, with a = 0.231, 0 = 0.0227 and c = 0.348 we find 

T 
the ratio -5- = 25.7 to give the highest maximum power factor at 

a pole face ratio â = — = 0.25. 

The belt leakage is the largest item in the group and it changes 
the ratio U/T to 0.22. It can be seen again that the equation 
furnishes good results when the air-gap is kept constant. 

We have figured previously with the sum Σ σ of the single 
leakage coefficients. It may happen, however, that the maxi
mum power factor and the derivations for the smallest copper 
losses are influenced by the saturation of the iron path. Equa
tion (10) expresses the influence of the saturation factor. 

r x total ampere turns saturation factor = —.- J—— air ampere turns = l- iron ampere turns 
air ampere turns 

(13) 

It has been assumed that the ampere turns iron are constant 
for all number of poles and ratios / t / r . It would lead to con
siderable complications if we tried to introduce the iron ampere 
turns in all derivations. The density in the air-gap and the 
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24.5-2 POLE-2 PHASE 

ampere turns for the teeth and yoke depend largely upon the 
motor type, frequency and number of poles. In case we de
crease or increase the air-gap with the rotor diameter and keep 
the density in all parts of the magnetic path constant, the fol
lowing results may be obtained : Motors with a large number of 
poles will require a small amount of ampere turns for the yoke, 
due to the short length of path r . The ampere turns for the 
teeth will be constant with all 
poles for constant density and 
slot depth. The ampere turns 
of the air gap will vary with 
δ kx which is almost propor
tional to the air gap b. In 
turn we find for a given 
number of poles an increase 
of the saturation factor, when 
decreasing the air gap. From 
these conclusions we can state 
that the minimum leakage 
coefficient and the maximum 
power factor are always 
shifted a small amount toward 
a lower ratio /»/r, then found 
by figuring with the sum Σ σ 
only. The influence of the 
iron ampere turns comes into 
consideration only in highly 
saturated machines or in those 
with very small air gap.* As 
long as the iron ampere turns 
are not more than 25 per 
cent of the air ampere turns, 
the results will not be in
fluenced. 

COPPER 

The stator copper losses are 

FIG. 16 

LOSSES 

w wDASs1krla (1+0.004/°) ,, /Λ„ 
Wstator = - 14500 watts (14) 

where / á ^ /»+1 .5ô+3 .5 in. 
*Th. Hoock and R. E. Hellmund. Elektrotechnik & Maschinenbau, 

Wien, 1910, p. 741. 
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, _ alternating current resistance ^ 
r direct current resistance 

or for both windings together double the amount when we 
assume A S and the copper density 5 for the rotor the same as in 
the stator. The ampere turns per inch A S and the density 5 
may be assumed constant, so that in varying D and U of a certain 
D2 U as carried out previouslv, only D and U change in equation 
(14), 

We can write then for the total copper weight in its simplest 
form 

Copper weight = const. D la = const. D (/{+1.25 to 2.0 r) 

A simple differentiation furnishes the smallest copper weight 
for 

/á = 1.5ô at a ratio — = 3.0 
r 

/á = 2.0ô at a ratio =4.0 

The length of conductor is correctly 

la = Zt+const. r+cons t . allowance (15) 

The neglecting of the additional constant length which is 
given by the type of the winding involves an error. In order to 
eliminate it the quantity D la has been figured for several D2 li 
and is then plotted against the ratio U/r. The presence of 
ventilating ducts in the core increases the constant allowance 
in equation (15) and their influence can be estimated from 
curves b in Figs. 18 to 20. 

All results are reduced to a percentage basis calling the smallest 
value zero. (See curves in Figs. 17 to 20.) We see from all 
curves that the copper weights become a minimum at a ratio 

— = 3.0 to 5.0. These values are so high that they are beyond 
T 
practical applications. 

Figs. 17 and 18 refer to a D2 U— 1220-4 poles. Assuming a 

motor with a pole face ratio — = 0.5, we find from curve b, 
T 

*A. B. Field, TRANSACTIONS A. I. E. E., 1905, page 659. 
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Fig. 18, that the copper weight will be 50 per cent higher than 
the amount required for the " lightest copper " machine. For 

the square pole face — = 1.0, only 18 per cent difference is found. 
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F I G . 18.—Deviation of the eopper weight from the minimum 

In case we wind the same frame ( —- = 0.5 for 4 poles j for 10 

poles or —=1.25, approximately 20 per cent difference will be 
T found from curve b, Fig. 19 
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The minimum of the leakage coefficient or the maximum 
power factor on one side, and the minimum copper weight or 
smallest resistance (constant copper density assumed) on the 

U other side, occur always at a different ratio » The full-load 

w; 
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current is determined in the circle diagram by the no-load cur
rent, the leakage coefficient, the no-load and the locked power 
factor. Assuming the magnetizing current, the no-load and 
locked power factor to be constant, we find the full-load current 
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varying in the same percentage as the maximum power factor 
decreases or increases by changing the pole face proportion. 

The following procedure can be used under these considera
tions for finding the ratio of core length to pole pitch at which the 
copper losses approach the minimum value. The copper losses 
vary with the square of the current. Therefore we square the 
deviations of the full-load current as derived from the leakage 
coefficient and the maximum power factor, and add to these 
values the percentage deviations of the resistances from curves 
in Figs. 17 to 20. An example will better illustrate the applica
tion of this method. 

We have found the leakage coefficients Σ σ for the motor 
D2 /t = 300.103 which are drawn in Fig. 4. The leakage coeffi
cient ó is then calculated by multiplying by the saturation factor 
= 1.15. Curve A, Fig. 2, then gives the maximum power factor 
which is shown in the upper curve of Fig. 21. The highest 
value cos <pmax of the 32-pole design is 8 4 | per cent, at a ratio 

— =1.28. For a core dimension three times as long as the pitch, 

cos <pmax = 82^ per cent is found. This corresponds to a current 
deviation Ä / of 2\ per cent (see curves in Fig. 21) or (Ä I)2 

equal to 5 per cent. 
We assume the mean length of conductor Æá = / À + 2 . 0 ô + 6 in., 

and use the curve b from Fig. 20 again, which is copied in Fig. 21 
and marked Cu. The sum of the two curves (AI)2 per cent 

+ Cu per cent shows a distinct minimum at the ratio —- = 3.36. 
T 

By reducing the ordinate values to the zero line we find the devia

tion of the copper losses from the minimum. These results in

dicate a rather large ratio I —L = 3.361 as far as copper losses are 

concerned (disregarding the iron losses) while the highest power 

factor will be obtained at a ratio — = 1.28. In case the ratio is 
r 

made =2.25, only one per cent deviation of each item will result 
and the apparent efficiency will be near its maximum. If the 
power factor is a prevailing quantity in the guarantees, the core 

will be made narrower, approaching the ratio —=1.28. This 
T 

change however will involve an increase of copper losses and 
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higher cost. It can be seen from the flat shape of the curve that 
the performance of a large motor is less sensitive than a smaller 
one when the best proportions are not used. 

The same method is applied on the small motor D2 U = 289 
—6 poles, designated as design A. 

The leakage coefficient Σ σ increased very rapidly with U/τ 
as shown in Fig. 12. With the aid of curve A Fig. 2 the cos <pmax 
was plotted in Fig. 22. Then using the maximum value = 
87.5 per cent as a base, the percentage of current increase 
Ä / per cent and (Ä I)2 per cent were figures. For the mean 
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length of conductor curve b in Fig. 18 has been chosen. After 
adding the curve (AI)2 to Cu per cent, their sum, minimum 

locus (*->·™) and their per cent deviation from the mini

mum was found. These results show again that the difference 

between power factor and copper losses loci is large, — = 0.55 
T 

against 1.75. The deviations at the cutting point, — = 1.26, 
T 
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however, are only 2 per cent, with a maximum power factor of 
85.5 per cent. If a higher value is desired the core should be 

made narrower. At a ratio —L = 0.55, a cos φηΐ(ΙΧ = 87.5 per 
T 

cent can be attained but the copper weight will be increased 
approximately 30 per cent. 

These investigations show clearly the opposing influence of 
the pole face proportions upon power factor and copper losses. 
The iron losses introduce another component which makes the 
problem practically impossible to solve, because of its variable 
proportions in the sum of the losses. A final decision can only 
be made on the basis of a complete design. 

; T H E OVERLOAD CAPACITY 

; The change of the leakage coefficient ó with the pole face 
proportion and its influence upon the whole performance of the 
motor introduce only variables in the problem. A base to 
start from however is given in the maximum torque or the over
load capacity. Bearing this in mind we will change all quantities 
in such a way that the pull-out torque remains constant in our 
further investigations. 

A simple method will lend itself to this purpose. The watt
less magnetizing current per phase Iou>i can be computed as 
follows:* 

_ 1.11 X (total ampere turns) Xp 

Where 
Total ampere turns = 400 δ k\ Bi Xsaturation factor (17) 

It is customary to express the magnetizing current in percent
age of the full load current VFL. 

We combine equation (16 )and (17) and divide by the full 
load current 

I owl _ 1.11 p 400 δ k i B 2 X saturation factor , 1 

IFL lFLtniWififPl 

IFL nt] W\ represents the total ampere turns in the stator if we 
place 

2miIFLW1 = TDlA S = 2prA S (19) 

*Arnold-Wechselstromtechnik V. 
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Where A S = ampere conductors per inch circumference. 
Introducing A S in equation (18) we find 

I owl 1.11.406 δ ki ΒιΧ saturation factor 
IFL fifPt T A S 

or for Bi in kilolines per sq. cm. and A S in inches 

Iowi _ 0.45 δ ki Βι X saturation factor 
IFL " TfifPlA S 

(20) 

(21) 

The maximum or pull-out torque in terms of the full load 
torque can be figured to 

maximum torque _ Iowi 
full load torque T ln , 2 ri IiiWi \ (22) 

M lFLl2a+ p ) cos«?·7? 

We take only the three prevailing quantities into considera
tion and plot the pull-out torque against the ratio 

^ 7 ^ - (see curve a Fig. 23) (23) 

The upper curve may be used for highly saturated motors 
with a small number of slots per pole and a " bent " locked 
saturation curve. 

Now we combine this pull-out relation with the winding and 
motor dimension of equation (21) and write 

I owi _0.45 ä ki saturation factor 2?/_ 0.45 δ k\ Βχ (ζ).. 
σΊρϊ~ arfJPiA S ~ Ó στ/ι/ΡιΑ S (M) 

We see that the pullout torque can be determined without-
knowing the ampere turns for the iron when the Σ σ is used 
instead of the total leakage coefficient ó. 

We find therefore the ratio of the specific working quantities 
Bi and A S 

This ratio will be the smallest for a certain pull out when 
r Σ σ u 
. becomes a minimum. 

0 ki 
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The required field strength in the air-gap will then be obtained 
with the smallest number of ampere turns per unit of length. 

Suppose it is asked that the pull-out torque be not less than 

21 times full load torque; the ratio—ηβ— will then be larger 

than 0.5. Or from equation 

Bi > 0.5/i / f tT(T > Q 5 / é / , , ô Ó ó 
A S 0.45 δ ki Xsaturation factor 0.45 δ ki 

This ratio gives a relation between the specific working 
densities and the constants of the motor for a certain overload 
capacity. 

Equation (25) may also be used directly to calculate the turns 
per phase or the correct air density for a given frame and a cer
tain pull-out torque. We figure for this purpose from equation 
(25) the ratio Bi/A S and introduce the result into the output 
equation or the machine constant* 

DHifi 133 . IO"11 

and set 

Hence 

kv-a. fifPl BiA S 
(26) 

I kv-a. . __ 
A S = \ WUn ♦ / B . \ (27) 

133 . 10" 

And finally the turns per phase 

ASTTD , o e . 
w i = -φ 7 — (28) 

2m\lFL 
or the air density 

1 3 3 . 1 0 " ^ ) 

fifpi 
B^U« >>*"�" <29> 

*Arnold-l. c. 
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These equations enable us to determine quickly the lowest 
air density at which the required pull-out torque will just be met 
in case the leakage coefficient is known. This refers especially 
to designs which are limited by the maximum torque. 

IRON LOSSES 

An incorporation of the iron losses complicates the theoretical 
design and these losses should preferably be calculated after the 
main dimensions are settled. 

A complete line of iron loss figures was made for the same 
D2/t*=2000 as above, running the motor on 60 cycles with a 
synchronous speed of 900 rev. per min. 

5i 
MAX. TORQUE 
F.L. TORQUE 

41 

3 

2 

1 

0 2 4 6 8 \om 10 

FIG. 23 

It was pointed out that the pull out torque should be kept 
constant. Assuming in this case a pull-out torque of 2f times 
full load torque, we find from equation (25). 

Bi 0.957 . 0.966 . ô . Ó ó τΣσ^ 
AS 0Λ5.δ.Κ1 ~ 1 U δΚχ 

if we t a k e / é = 0.957 and fPl = 0.966. 
The ratio Bi/A S has been figured and plotted in Fig. 7 using 

the data of the lower curves in Fig. 23. 
Finally we obtain with these results in combination with 

formula (2£) the required air-gap density £/, Fig. 7. 
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The flux per pole is 

£ · io8 

Φ = J~n ^ττ (30) 

and the maximum air density in kilolines per sq. cm. 

Bl= 2 ~7^nT = 4ÐÏÔ/, (31) 
— 6450 r /i ð 

The density in the (90 per-cent solid) iron behind the slots 

B = Φ Φ (*ο) 
a 2 . 0450 . 0.90 .1 .ha 11000 . / . ha

 K } 

Combining, we find 

or approximately 

Ba = 0.354-^ -ψ- (33) 

= 0.30 Bi-Ξ-

The volume of the stator core is 

Vol.,». c. = (Di + 2 hni + hai) 7Ã / ha, 0.90 cu. in. 

of the rotor core 

Vol./M. c. = (O! — 2 AM - A(,J 7Ã / A« 0.90 cu. in. 

of the stator teeth 

Vol.5/. /. =Z>i hHi Zmi I 0.90 cu. in. 

of the rotor teeth 

Vol.Rot. t. = Z 2 hn2Zm2l 0.90.cu. in. 

The iron loss is figured under the assumption of a constant 
density behind the slots in the stator Bai = 9,000 and in the rotor 
Ba2 = 10,000. The variation of the air gap density Fig. 7 is 
evident in the core volume and later also in the losses. The volume 
of the stator and rotor core reaches a minimum while the stator 
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and rotor teeth increase with the core length. The stator teeth 
are in this example a big item and their influence is expressed in 
the volume of the total active iron very distinctly, curvfe-nif 
Fig. 25, which is a measurement of the cost of the punching^ 
Curve b represents the sum of stator core plus stator teethuròtite 

curve a, the sum of t h g ^ ^ f n 
plus rotor teeth is a valufefcifo 
estimating the additional losses 

The hysteresis and eddy losses 
of the stator core and teeth are 
figured separately and plotted 
in terms of the ratio U/τ in 
Fig. 26. We notice the same 
character in the loss curves as 

3 i l 

FIG. 24 

FIG. 26 

in the curves of the volume in Fig. 24. The total iron loss 
in core and teeth caused by the rotating field increases slightly 

with an increase of core length (750 watts at — =0.5 ; 800 watts 

a t — = 1 . 7 ; 900 watts at — = 2.5). 
T T 
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The total additional iron losses decrease very slightly with a 
longer core. The pulsation and surface losses in the stator 
and rotor teeth decrease even despite the fact that the volume 
(curve a Fig. 25) increases. The explanation is given by the 
reduction of frequency of these pulsations and the speed in 
the longer core designs because the number of slots are propor
tional to the rotor diameter. It is very interesting to note that 
the increase of one class and a decrease of the second class 
of losses result in their sum a minimum total iron loss 
(Fig. 46). The percentage variation of the total iron losses from 
the minimum is plotted in Fig. 26. The best pole face proportion 

of this example lies at —L = 1.2. The deviation is 10 per cent at 

— = 2.4 which is smaller than the test variations. 
r 

These figures are carried out more completely in order to justify 
our previous assumption of constant no-load losses when in
vestigating the copper losses. In case the iron losses have a 
great bearing upon the efficiency at full load, the choice of the 
pole face proportion will be influenced by the ratio of the con
stant losses to the copper losses. 

SUMMARY 

The ratio of the rotor diameter to the core length influences 
the performance of the motor considerably. The investigations 
show that there exists for every rating one ratio of rotor diameter 
to core length for which the performance becomes a maximum. 
The power factor, the copper losses, iron losses and over-load 
capacity have an opposing influence upon this ratio. In order 
to work the material in the most advantageous manner for each 
item we would obtain as many different diameters as there are 
items. It is not feasible to express all influences in one equation. 
It is, therefore, the scope of this paper to determine the proper 
ratio of core length to pole pitch for which each item of the per
formance will become a maximum or minimum. The intro
duction of the leakage coefficient, that is the ratio of the wattless 
magnetizing current to the ideal locked current furnishes very 
simple formulae for practical application. 

The highest power factor will always be obtained at a ratio 
of core length to pole pitch which can easily be computed from 
formula 12. Since the obtained " best " result usually differs 
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from the actual machine dimensions, all calculations in the paper 
are reduced to a percentage basis in order to judge the mag
nitude of the deviation from the theoretical values. 

The copper losses are based on the full load current and the 
resistance. A set of curves are calculated and drawn in Figs. 17 
to 20 to indicate the relation between resistance or copper weight 
and the main dimension of the rotor. 

The percentage deviation from the maximum power factor 
has then been used in order to find in a simple manner the mini
mum copper losses. 

The following table shows the ratio of core length to pole 
pitch at which the power factor, apparent efficiency and copper 
loss approach the minimum or maximum values of a certain 
frame (D2 /,·). The limits .vary with the type, length of air gap, 
type of winding, slot dimensions and number of poles. 

*k 

20 
200 

2000 
10000 

300 . 10s 

Ratio of core length to pole pitch 

Best power factor 

0.2 to 0.3 
0.4 ' 0.8 
0.8 « 1.4 
0.9 " 1.5 
1.3 « 1.8 

Best app. effi. 

0.5 to 0.8 
1.0 · 2.0 
1.0 " 2.0 
2.0 " 3.0 
3 " 4 

Smallest copper wt. 

2 to 3 
3 « 4 
3 « 4 Ì 
4 « 5 
4 « 6 

The field of application or the characteristic of the type usually 
settles or limits the main dimensions. The peripheral speed, 
temperature rise, flywheel effect, method of manufacturing, 
ventilation, available floor space, shipping weight, load factor, 
power consumption and factory cost are some of the factors 
determining the choice of the diameter within small limits and 
sacrificing certain parts of the performance. In the analysis 
of a concrete case above points should therefore be considered 
carefully. 


